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ABSTRACT 

Fatigue  crack  growth  in  the  powder  metallurgy  alloys  X7090-T6, 
X7091-T7E69,  and  IN  9021-T4  has  been  studied  as  a  function  of  R  ratio  in 
air.  Additional  tests  in  a  3-1/2^  NaCl  environment  have  also  been  made. 

S/N  properties  of  X7090-T6  and  X7091 -T7E69  have  been  determined.  Fatiaue 
data  of  7075-T6,  an  ingot  metallurgy  product,  have  been  obtained  for 
comparison .  Attention  has  focused  on  the  effect  of  mi crostructure  and 
crack  closure  '■  t *>♦»  near  threshold  reqion.  Of  particular  interest  was 
tne  lack  of  dft*  t  it •  1  *•  losute  in  the  1N9021  alloy  even  at  threshold. 

This  alluj  'o  i  ’ >  *  i  «**»».  t  *»ieshold  of  the  various  alloys  tested.  In 
nne  sene,  >t  t.  r-  ■  >  hW-Ui  material  was  removed  from  behind  crack 
tip  in  orde»  *  -  ..nders».ind  better  the  influence  of  material  remote  from 
the  era  >  tip  r 1>  sure  process.  A  relatively  small  effect  was 
found,  an  indication  that  closure  principally  results  from  near  tip 
contacts.  Tne  effect  of  a  3-1'?  NaCl  environment  was  found  to  depend 
on  the  alloy.  For  7075-T76  the  threshold  level  was  increased  due  to  the 
presence  of  corrosion  products  which  increased  closure  levels.  For  the 
T-L  orientation  of  X7090-T6  and  X7091-T7FA9,  the  threshold  levels  decreased, 
an  indication  that  possible  beneficial  effects  of  corrosion  products  on 
closure  were  offset  by  the  aggressive  characteristics  of  the  environment. 


INTRODUCTION 


This  report  covers  the  second  year  of  a  program  of  research  aimed 
at  improving  our  understanding  of  fatiaue  processes  in  powder  metallurgy 
(P/M)  alloys  of  interest  in  structural  applications.  During  this  period 
attention  has  been  focused  on  the  fatigue  crack  growth  characteristics 
of  three  P/M  aluminum  alloys,  X7090-T6,  X7091-T7E69  and  IN9021-T4,  a 
mechanically  alloyed  product.  Additional  tests  of  the  ingot  metallurgy 
(I/M)  alloy  7075-T76  have  been  carried  out  for  purposes  of  comparison. 
The  results  of  tests  in  air  as  a  function  of  mean  stress  level,  and  in 
sodium  chloride  environments  will  be  described.  Particular  attention 
has  been  given  to  the  near-threshold  region  and  the  role  of  crack- 
closure  therein.  In  addition  the  S/N  properties  have  been  obtained  to 
X7090-T6 ,  X 709 1 -T7E69 ,  and  7075-T76. 

MATERIALS  AND  EXPERIMENTS 

The  following  alloys  were  obtained  in  extruded  form  from  ALCOA  via 
the  Lockheed-Cal i fornia  Company: 

P/M  X7090-T* 

P/M  X7091 -T7E69 
I/M  7075-Tfi 

The  mechanically  alloyed  P/M  product  was  obtained  from  Novamet  as  a 
forged  plate. 

The  nominal  chemical  compositions  for  these  materials  are  given  in 
Table  I.  The  tensile  properties  as  determined  in  our  laboratory  are 
given  in  Table  II.  The  microstructures  of  the  three  P/M  alloys  are 
shown  in  Fig.  1  for  comparison.  Additional  microstructural  views  are 
shown  in  the  previous  annual  report. 
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The  S/N  fatigue  tests  were  conducted  on  hour-glass  shaped  soecimens 
under  fully  reversed  axial  load  test  conditions  (R  =  -1).  The  tests 
were  carried  out  at  30  Hz  at  20°C  and  a  relative  humidity  of  50;'.  A 
sinusoidal  wave  form  was  employed.  Specimen  surfaces  were  polished 
longitudinally  with  1  nn  diamond  paste  prior  to  testing.  The  specimen 
axis  was  in  tne  direction  of  extrusion. 

The  specimens  for  fatigue  crack  qrowth  tests  were  6.3  mm  thick  of 
the  ASTM  compact  type  with  an  effective  width,  W,  of  57.2  mm  and  a  half- 
height,  H,  of  34.4  mm  (H/W  =  0.6).  The  specimens  from  the  ALCOA  Droducts 
were  machined  from  1.5-inch  thick  sections  in  the  T-L  orientation.  The 
specimens  from  the  Novamet  product  were  machined  from  a  1-inch  thick 
section.  Because  of  the  extent  of  material  removed  during  machinina  any 
possible  residual  stress  effects  on  fatiaue  behavior  is  thought  to  be 
minimal.  In  determining  the  rate  of  fatigue  crack  qrowth  as  well  as  the 
threshold  level  a  K-decreasing  test  was  employed.  In  this  procedure 
loads  were  reduced  by  11,  or  less  and  the  crack  was  allowed  to  grow  a 
distance  corresponding  to  at  least  five  times  the  monotonic  plane  stress 
plastic  zone  of  the  previous  loading  for  each  load  decrement.  ’ KTH  was 
determined  as  the  stress  intensity  factor,  \K  at  which  no  crack  qrowth 
was  observed  for  at  least  2x10^  cycles.  The  crack  opening  characteristics 
were  also  examined  using  the  modified  elastic  compliance  method  in  which 
an  elastic  compliance  was  electronically  subtracted  from  the  total  crack 
opening  displacement  (COD)  signal  to  increase  sensitivity. 
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RESULTS  AND  DISCUSSIONS 

I.  High  Cycle  Fatigue  Properties  (S-N) 

High  cycle  fatigue  properties  (S-N)  for  P/M  X7090-T6  and  X7091- 
T7E69  alloys  as  well  as  an  I/M  7075  T76  examined.  The  results  are 
presented  in  Fig.  2.  It  is  noted  that  both  of  the  P/M  alloys  exhibit 
superior  fatigue  resistance  as  compared  to  the  I/M  7075  alloy.  This 
result  may  reflect  the  higher  yield  strength  of  the  P/M  aluminum  alloys 
as  compared  to  the  I/M  aluminum  alloy.  The  results  of  high  cycle  fatigue 
tests  together  with  tensile  properties  are  summarized  in  Table  III. 

II.  Near-Threshold  Fatigue  Crack  Growth  in  3-1/2"  NaCl  Solution 
Near-threshold  fatiyue  crack  growth  in  3-1/2"'  NaCl  solution  was 

studied  for  the  P/M  X7090-T6  and  X7091-T7E69  alloys  as  well  as  the  I/M 
7075-T76  alloy  in  the  T-L  orientation.  All  tests  were  conducted  at  R 
=  0.05. 

The  results  of  crack  qrowth  tests  in  3-1/2  NaCl  solution  toqether 
with  results  in  air  are  presented  in  Figs.  3-5.  Also  shown  in  Fins.  6-8 
are  the  results  of  crack  opening  load  measurements.  In  the  intermediate 
region,  the  crack  growth  rates  in  NaCl  solution  are  higher  than  those  in 
air  at  a  given  A,K  level  for  all  alloys.  In  the  near-threshold  region 
growth  rates  in  the  NaCl  solution  for  the  I/M  7075  alloy  were  slower 
than  in  air  but  faster  for  the  P/M  X7090  and  X 7091  alloys.  As  shown  in 
Figs.  6-8  all  alloys  showed  that  in  the  NaCl  solution  the  crack  closure 
level  rapidly  increased  as  the  stress  intensity  approached  MC^. 
Fractographic  analyses  revealed  that  a  great  extent  of  corrosion  debris 
had  built  up  between  the  matinq  fracture  surfaces  in  the  NaCl  environ¬ 
ment.  A  typical  example  of  corrosion  products  observed  on  the  fracture 
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surface  of  the  X7091  alloy  is  shown  in  Fig.  9.  Since  these  corrosion 
products  significantly  reduce  the  effective  crack  tip  opening  displace¬ 
ment  (1,2),  the  observed  increase  in  closure  level  in  the  NaCl  environ¬ 
ment  is  strongly  associated  with  thick  corrosion  products.  In  all  cases 
thickening  corrosion  products  significantly  contributed  to  the  arrest  of 
the  crack  at  threshold.  However,  a  process  for  thickening  corrosion 
products  appears  to  vary  with  the  type  of  alloy.  In  order  to  show  this 
variation  in  thickening  process  of  corrosion  products,  the  results  of 
crack  opening  load  measurements  for  K-decreasing  tests  for  all  three 
alloys  shown  in  Figs.  6-8  are  replotted  in  Fig.  10.  This  fiqure  clearly 
indicates  that  the  crack  closure  levels  for  the  I/M  7075  are  higher  than 
those  for  the  P/M  alloys  at  a  given  K  level.  Since  the  closure  level 
in  corrosive  environments  such  as  the  present  NaCl  solution  is  strongly 
associated  with  thickness  of  corrosion  products,  the  result  seen  in 
Fig.  10  indicates  that  corrosion  products  developed  in  the  I/M  7075 
alloy  are  easier  to  thicken  as  compared  to  the  P/M  products. 

III.  Load  Ratio  Effect  on  the  Near-Threshold  Fatigue  Crack  Growth 

The  effect  of  load  ratio  on  the  near-threshold  fatigue  crack  growth 
was  examined  for  the  P/M  X7090T6  alloy.  Fatigue  crack  growth  tests  were 
conducted  on  the  6.3  mm  thick  compact  type  specimens  machined  in  the  T-L 
orientation.  Fig.  11  shows  the  da/dN  vs.  AK  plots  obtained  at  tiiree 
different  R  ratios,  (1.05,  0.5  and  0.8.  The  influence  of  the  load  ratio 
on  the  threshold  level  and  fatigue  crack  growth  rates  is  apparent,  i.e., 
as  the  load  ratio  increases  growth  rates  for  a  qiven  'K  level  increase 
and  the  threshold  level  decreases.  The  results  of  crack  openina  load 
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measurements  are  presented  in  Fiq.  12.  This  fiqure  indicates  the  siqnificant 
load  ratio  effect  on  crack  closure  characteristics  of  this  P/M  aluminum 
alloy.  At  R  =  0.05  crack  closure  levels  were  high  in  the  near-threshold 
region  and  decreased  to  a  much  lower  level  as  '.K  increased.  The  crack 
closure  level  is  much  lower  at  R  =  0.5  as  compared  to  that  at  R  =  0.05. 
Furthermore,  no  crack  closure  was  observed  at  R  =  0.8.  At  R  =  0.05,  the 
siqnificant  fractographic  features  in  the  near-threshold  reqion  are  the 
shear  facets,  indicating  that  the  shear  mode  crack  growth  is  dominant  in 
the  near-threshold  region  (Fiq.  13(a)).  The  fracture  appearance  at  the 
threshold  level  shown  in  Fig.  13(b)  was  smooth.  This  smooth  fracture 
surface  was  due  to  extensive  fretting  action  takinq  place  behind  the 
crack  tip.  As  shown  in  Fig.  14(a)  shear  facets  were  observed  at  R  = 

0.5.  However,  these  shear  facets  formed  only  near  to  the  threshold 
level,  approximately  below  a  K  of  2  f1Pa.m.  The  shear  facets  at  R  -  0.5 
are  smaller  and  more  sharply  defined  than  those  at  R  =  0.05.  At  R  =  n.8 
where  no  crack  closure  was  obtained,  shear  facets  were  observed  only 
very  near  to  the  threshold  level,  approximately  less  than  1.3  MPa>m.  As 
shown  in  Fig.  14(b)  the  shear  facets  observed  at  R  =  0.8  are  very  sharply 
defined,  indicating  that  the  extensive  fretting  action  which  occurs  at  R 
=  0.05  is  absent.  The  present  study  reveals  that  a  combination  of  Mode 
II  and  Mode  I  crack  growth  13)  took  place  in  the  near-threshold  region 
at  all  R  ratios.  However,  increasing  the  load  ratio  lowers  the  onset  of 
the  Mode  II  crack  process.  As  a  result  the  presence  of  shear  facets 
appears  to  be  restricted  to  a  much  narrower  -K  range  at  the  higher  load 
ratios.  A  variation  of  load  ratios  considerably  alters  fracture  appearance 
in  the  near-threshold  reqion,  particularly  the  sharpness  of  shear  facets. 
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The  high  crack  tip  closure  force  at  R  =  0.05  results  in  considerable 
fretting  action  between  the  mating  fracture  surfaces.  As  a  result  the 
fracture  surface  becomes  smooth.  Increasing  load  ratio  decreases  the 
crack  closure  force,  resulting  in  less  fretting  action.  Therefore  the 
higher  the  load  ratio  the  more  sharply  defined  shear  facets  become. 

An  overall  representation  of  the  effect  of  R  ratio  on  K  is  shown 

I  H 

in  Fig.  15.  For  positive  R  ratios  crack  closure  is  most  pronounced  near 
R  =  0.  As  the  R  ratio  increases  the  extent  of  closure  land  the  role  of 
Mode  II)  decreases.  At  R  ratios  above  0.6  the  full  'K  runge  is  effective 
in  propagating  a  crack  just  above  the  threshold.  Note  that  as  P  ratio 
approaches  1.0  the  fracture  toughness  of  the  material  places  an  upper 
limit  on  the  value  of  K max.  In  the  R  regime  close  to  P  -  1.0  the  value 
of  Kmax  is  fixed  by  Kc  and  the  value  of  Kmin  b/  the  relation  Kmin  =  KCR. 

For  values  of  R  in  the  negative  region,  if  the  compressive  load  can 
serve  to  further  close  the  crack, the  value  of  kmax  at  threshold  will 
decrease  and  there  is  some  evidence  for  this  (7).  On  the  other  hand  if 
the  crack  is  closed  at  R  ~  0,  then  the  value  of  Kmax  may  not  decrease  on 
going  into  the  negative  R  region.  As  negative  R  ratio  increases,  .ne 
compressive  yield  strength  of  the  material  places  a  lower  limit  on  the 
value  of  Kmin.  Further  work  at  negative  R  radios  is  needed  to  under¬ 
stand  this  behavior  more  thoroughly. 

IV.  Crack  Closure  Characteristics  in  the  Near-Threshold  Region 

It  has  been  recognized  that  crack  closure  levels  are  high  because 
of  a  combination  of  Mode  II  and  Mode  I  crack  growth  (3)  as  well  as  oxide 
or  corrosion  products  (1,2).  However,  Newman  (4)  recently  suggested 
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based  upon  his  computer  analysis  of  crack  closure  characteristics  that 
the  fatigue  thresholds  obtained  in  load  reduction  schemes  artifically 
develop  as  a  result  of  the  high  closure  effect  due  to  the  residual 
plastic  deformation  in  the  wake  of  the  advancing  crack.  In  the  present 
study  the  influence  of  the  load-reduction  schemes  on  the  rate  of  fatigue 
crack  growth  and  the  crack  opening  load  characteristics  were  critically 
examined  with  6.3  mm  thick  compact  type  specimens  machined  from  the 
X7090  alloy  in  the  T-L  orientation.  In  order  to  examine  the  influence 
of  the  load  reduction  schemes,  the  stretched  material  due  to  plastic 
deformation  in  the  wake  of  the  advancing  crack  was  removed  by  electro- 
d'scharge  machining.  After  cutting  the  KQD  level  was  reevaluated  and 
the  rate  of  crack  growth  was  also  redetermined  at  the  same  iK  level. 

Fig.  16  shows  the  results  of  the  fatigue  crack  orowth  test.  Also  shown 
in  Fig.  17  are  the  results  of  crack  opening  load  measurements  in  terms 
of  KQp  as  a  function  of  'K.  A  threshold  level  of  2.2  MPa  km  was  first 
obtained  by  a  iK-decreasing  procedure.  Then  a  cut  was  made  to  remove 
the  stretched  material  in  the  wake  of  the  crack.  The  length  from  end  of 
the  cut  to  the  crack  tip  was  approximately  0.9  mm.  As  a  result  of  this 
cut,  the  crack  which  had  not  grown  for  2x1 0^  cycles  started  aaain  and 
propagated  at  a  growth  rate  of  1.5x10  ^  mm/cycle.  As  shown  in  Fig.  16, 
a  new  threshold  developed  at  'K  =  2.0  MPa.m  in  a  subsequent  ' K-decreasinq 
test.  The  corresponding  reduction  in  KQp  is  0.25  MPa/m.  Since  the 
cutting  removed  the  contribution  to  the  crack  closure  from  the  combination 
of  Mode  II  and  Mode  I  crack  growth  in  the  near-threshold  region  in 
addition  to  the  residual  plastic  deformation,  these  differences  between 
the  two  fatigue  thresholds  and  the  corresponding  Kop  levels  are  con¬ 
sidered  to  be  very  small.  It  is  important  to  note  that  the  fatioue 
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threshold  can  develop  without  any  contribution  of  the  residual  stretch 
in  the  wake  of  the  advancing  crack  at  least  for  distances  behind  the 
crack  tip  greater  than  0.9  mm.  From  ti.e_>e  results,  it  is  concluded  that 
the  near-threshold  fatigue  crack  growth  is  stronqly  associated  with  the 
Mode  II  and  Mode  I  crack  growth. 

V.  Near-Threshold  Fatigue  Crack  Growth  in  a  (MA)  IN  9021 -T^  Alloy 
The  near-threshold  fatigue  crack  qrowth  of  an  IN  9021-T4  aluminum 
alloy  is  being  investigated.  This  alloy  was  produced  by  means  of  mechanical 
alloying  (MA).  The  MA  process  is  a  unique  high  energy  milling  process 
for  producing  metal  powders  (5)  and  the  resultant  microstructure  contains 
a  uniform,  equiaxed  fine  dispersion  of  oxygen  and  carbon  particles.  It 
has  been  reported  (6)  that  this  alloy  shows  excellent  mechanical  properties 
as  well  as  a  superior  resistance  to  stress-corrosion  crackinq.  The 
chemical  composition  and  tensile  properties  of  this  alloy  are  shown  in 
Table  I  and  Table  II.  Fatique  crack  qrowth  tests  were  conducted  on  6.3 
mm  thick  compact  type  specimens  machined  from  a  forged  plate  in  the  T-L 
orientation.  An  example  of  the  microstructure  is  shown  in  Fig.  1(c). 

This  microqraph  taken  with  an  optical  microscope  at  a  magnification  of 
1000  did  not  reveal  any  grains,  suggesting  a  very  fine  grained  micro¬ 
structure.  In  fact,  we  were  informed  by  Novamet,  producer  of  IN  9021-T4 
alloy,  that  the  average  grain  size  of  this  alloy  is  of  the  order  of  0.2  ;.m. 
This  grain  size  is  much  finer  than  those  of  the  P/M  X7090  and  X7091 
alloys  (approximately  1  m  ■  10  ,.m).  TEM  (Transmission  Electron  Micro¬ 

scopy)  studies  to  characterize  the  microstructure  of  the  IN  9021-T4 
alloy  are  planned  in  the  third  year  of  the  program. 
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The  rates  of  fatigue  crack  growth  at  R  =  0.05  and  R  ~  0.5  are 
presented  in  Fig.  18  as  a  function  of  'K.  Fig.  18  also  includes  results 
for  the  7075  T76  alloy  for  purposes  of  comparison.  As  seen  in  the 
figure,  at  R  =  0.05  faster  qrowth  rates  and  a  lower  threshold  level  were 
obtained  in  the  IN  9021  alloy  as  compared  to  the  7075  alloy.  It  is 
noted  that  the  threshold  level  of  this  alloy  (  =  0.85  MPa«in)  is 

lower  than  those  of  the  P/M  X7090  and  X7091  alloys  ( '  K^.()  -  2.3  MPa. in  for 
the  X7090  alloy,  AKTU  =  2.4  MPa.'m  for  the  X7091  alloy)  in  the  same 
orientation.  Although  the  R  =  0.5  test  has  not  been  completed,  data 
points  in  the  near-threshold  region  are  also  shown  in  Fiq.  18.  Fatigue 
crack  growth  rates  at  R  =  0.5  as  a  function  of  :.K  are  similar  to  those 
at  R  =  0.05,  indicating  that  the  near-threshold  fatigue  crack  growth  of 
the  IN  9021  alloy  is  independent  of  load  ratio.  It  is  important  to  note 
that  no  detectable  crack  closure  was  obtained  for  both  the  R  =  0.05  and 
R  =  0.5  tests.  No  influence  of  load  ratio  on  the  near-threshold  crack 
growth  associated  with  no  crack  closure  in  the  IN  9021  alloy  is  con¬ 
trasted  with  the  near-threshold  crack  growth  of  the  X7090-T6  alloy  in 
which  the  significant  load  ratio  effect  on  the  near-threshold  crack 
qrowth  behavior  was  observed  as  described  in  Section  111  of  this  report. 
A  fractographi c  study  on  the  fracture  surface  of  the  IN  9021  alloy 
tested  at  R  =  0.05  revealed  that  the  fracture  appearance  in  the  near¬ 
threshold  region  is  extremely  smooth,  as  shown  in  Fig.  19.  The  crack 
path  in  the  near-threshold  reninn  aopears  to  le  transgranular .  The 
smooth  fracture  surface  observed  it  the  ne.ir-trreshold  region  of  the  IN 
9021  alloy  is  contrasted  bv  the  lm  tuur  <v 
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obtained.  In  general  for  most  alloys  at  low  load  ratios, closure  levels 
in  the  near-threshold  region  are  high  because  of  the  Mode  II  and  Mode  I 
crack  growth.  The  importance  of  the  Mode  II  contribution  is  to  develop 
mismatch  of  crack  faces  necessary  for  high  crack  closure  through  a 
tortuous  crack  path.  However,  for  a  microstructure  with  very  fine 
grains,  the  tortuosity  is  limited  and  therefore  it  is  difficult  for 
mismatch  to  occur.  From  the  present  fractographic  analysis  the  lack  of 
crack  path  tortuosity  is  evident  in  the  IN  9021  alloy. 

VI.  Comparison  of  Alloys 

Fig.  20  compares  the  fatigue  crack  growth  behavior  in  the  near¬ 
threshold  region  for  the  aluminum  alloys  investigated.  IN  9021,  which 
shows  an  absence  of  detectable  closure  exhibits  the  lowest  threshold 
level.  The  other  three  alloys  all  exhibit  high  thresholds  as  well  as 
closure  but  there  is  not  a  one-to-one  correspondence  between  these 
characteristics,  probably  because  errosion  behind  the  crack  tip  affects 
the  closure  level  difference  in  these  alloys.  Above  the  near-threshold 
region  the  crack  growth  rates  in  the  P/M  alloys  are  higher  than  in  the 
I/M  alloy,  and  this  may  be  associated  with  lower  closure  levels  of  the 
P/M  alloys  in  this  growth  rate  region  as  compared  to  the  I/M  alloy. 
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Microstructures  taken  from  the  longitudinal  sections  of  P/M 
aluminum  alloys,  (a)  X7090-T6,  (b)  X7091-T7E69,  (c)  1N9021-T4. 

Number  of  cycles  to  failure  vs.  maximum  stress  for  aluminum  alloys 
tested  at  R  =  -1. 

Fatigue  crack  growth  rates  of  X7090  aluminum  alloy  tested  at  R  =  0.05 
in  3.5  pet.  NaCl  solution. 

Fatigue  crack  growth  rates  of  X7091  aluminum  alloy  tested  at  R  =  0.05 
in  3.5  pet.  NaCl  solution. 

Fatigue  crack  growth  rates  of  7075  aluminum  alloy  tested  at  R  =  0.05 
in  3.5  pet.  NaCl  solution. 

Results  of  crack  opening  load  measurements  for  X7090  aluminum  alloy 
tested  in  3.5  pet.  NaCl  solution. 

Results  of  crack  opening  load  measurements  for  X7091  aluminum  alloy 
tested  in  3.5  pet.  NaCl  solution. 

Results  of  crack  opening  load  measurements  for  7075  aluminum  alloy 
tested  in  3.5  pet.  NaCl  solution. 

Fracture  surface  of  X7091  tested  at  R  =  0.05  in  3.5  pet.  NaCl  solution. 
Note  that  corrosion  products  developed  on  the  fracture  surface.  Arrow 
indicates  direction  of  macroscopic  crack  growth. 

0  Comparison  of  closure  levels  for  three  types  of  aluminum  alloys  tested 
at  R  =  0.05  in  3.5  pet.  NaCl  solution.  Data  points  were  taken  from 
only  K-decreasing  tests  for  all  alloys. 

1  Fatigue  crack  growth  rates  of  X7090  aluminum  alloy  tested  at  three  R 
ratios. 

2  Results  of  crack  opening  load  measurements  for  X7090  aluminum  alloy 
at  three  R  ratios.  Note  that  no  closure  was  observed  at  R  =  0.8. 


Fig.  13  Fracture  surface  of  X7090  aluminum  alloy  tested  at  R  =  0.05.  Arrow 

indicates  direction  of  macroscopic  crack  growth,  (a)  5x10  ^  mm/cycle, 
(b)  aKth. 

Fig.  14  Appearance  of  fracture  surface  of  X7G90  aluminum  alloy  at  .  Arrow 
indicates  direction  of  macroscopic  crack  growth,  (a)  R  =  0.5, 

(b)  R  =  0.8. 
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Fig.  16 

Fig.  17 

Fig.  18 

Fig.  19 

Fig.  20 


Overall  representation  of  the  effect  of  R  ratio  on  .sKyu.  Solid  lines 
indicate  a  variation  of  K  level  obtained  from  the  present  study.  Dash 
lines  indicate  an  expected  variation  of  K  level  as  a  function  of  R. 
(Assuming  that  a  crack  is  fully  closed  at  R  =  0.) 

Results  of  the  near-threshold  fatigue  crack  growth  test  for  X7090 
aluminum  alloy.  Note  that  the  difference  between  the  two  thresholds 
is  only  0.2  MPa  mu. 

Results  of  crack  opening  load  measurements  for  X7090  aluminum  alloy. 
Note  that  closure  characteristics  are  strongly  associated  with  the 
Mode  II  and  Mode  I  crack  growth. 

Fatigue  crack  growth  rates  of  IN  9021  aluminum  alloy  tested  at 
R  =  0. 05  and  R  =  0.5. 

Appearance  of  fracture  surface  in  the  near-threshold  region  of  IN  9021 
aluminum  alloy  tested  at  R  =  0.05.  Arrow  indicates  direction  of 
macroscopic  crack  growth,  (a)  1x10"^  mm/cycle,  (b)  .  . 

Comparison  of  fatigue  crack  growth  behavior  in  the  near-threshold 


region  for  the  aluminum  alloys. 


Tab! 


Table  II  Tensile  Properties 


Microstructures  taken  from  the  longitudinal  seccio.s  cr  P/M 
aluminum  alloys,  (a)  X7090-T6,  (b)  X7091-T7E69,  (c)  1N9021-T4. 


Number  of  cycles  to  failure  vs.  maximum  stress  for  aluminum  all 
tested  at  H  =  -1 . 


da/dN  (mm /cycle) 


Results  of  crack  opening  load  measurements  for  X7090  aluminum  alloy 
tested  in  3.5  pet.  HaCl  solution. 
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tested  in  3.5  pet.  HaCl  solution. 


Results  of  crack  opening  load  measurements  for  7075  aluminum  alloy 
tested  in  3.5  pet.  NaCI  solution. 


comparison  of  closure  levels  for  three  types  of  aluminum  alloys  tested 
dt  P  5.05  in  3.5  Del.  NaCl  solution.  Data  points  were  taken  from 
only  >  -  decreasing  tests  for  all  alloys. 
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Results  of  crack  opening  load  measurements  for  X7090  aluminum  alloy 
at  three  R  ratios.  Note  that  no  closure  was  observed  at  R  =  0.8. 


14  Appearance  of  fracture  sur 
indicates  direction  of  mac 
(b)  R  =  0.8. 
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Fig.  16  Results  of  the  near-threshold  fatigue  crack  growth  test  for  X7090 

aluminum  alloy.  Note  that  the  difference  between  the  two  thresholds 
is  only  0.2  MPa/m. 


Results  of  crack  opening  load  measurements  for  X7090  aluminum  alloy 
Note  that  closure  characteristics  are  strongly  associated  with  the 
Mode  II  and  Mode  I  crack  growth. 
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Fig.  18  Fatigue  crack  growth  rates  of  IN  9021  aluminum  alloy  tested  at 
R  =  0.05  and  R  =  0.5. 


(b) 


Fig.  19  Appearance  of  fracture  surface  in  the  near-threshold  region  of  IN  9021 
aluminum  alloy  tested  at  R  =  0.05.  _Arrow  indicates  direction  of 
macroscopic  crack  growth,  (a)  1x10"°  mm/cycle,  (b)  aK.^. 
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Fig.  20  Comparison  of  fatigue  crack  growth  behavior  in  the  near-threshold 
region  for  the  aluminum  alloys. 
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